Cecropins are naturally occurring peptides that play an important role in the immune response of insects. Cecropin A-derived and cecropin A-melittin hybrid peptides, all smaller than the natural compound cecropin A, were synthesized and tested for their ability to inhibit growth of several agronomically important fungal pathogens. We found that an 11-amino-acid sequence, corresponding to the N-terminal amphipathic α-helix domain of cecropin A, exhibited antifungal activity. Differences in susceptibility of the various pathogens were observed, Phytophthora infestans being particularly sensitive to the shortened cecropin A peptides (IC 50 = 2 × 10 -6 M). Biotoxicity of the shortest cecropin A-derived peptide was variously affected by the presence of proteins extracted from leaves of tobacco and tomato plants, either total extracts or intercellular fluids (ICFs). Overall, there was a greater tolerance to tomato protein extracts than to tobacco extracts. These findings suggest that tobacco should not be used as a model for testing the possible protective effects of transgenically expressed, cecropinbased genes. The feasibility of tailoring cecropin A genes to enhance crop protection in particular plant/fungus combinations is discussed.
Cecropins are naturally occurring peptides that play an important role in the immune response of insects. Cecropin A-derived and cecropin A-melittin hybrid peptides, all smaller than the natural compound cecropin A, were synthesized and tested for their ability to inhibit growth of several agronomically important fungal pathogens. We found that an 11-amino-acid sequence, corresponding to the N-terminal amphipathic α-helix domain of cecropin A, exhibited antifungal activity. Differences in susceptibility of the various pathogens were observed, Phytophthora infestans being particularly sensitive to the shortened cecropin A peptides (IC 50 = 2 × 10 -6 M). Biotoxicity of the shortest cecropin A-derived peptide was variously affected by the presence of proteins extracted from leaves of tobacco and tomato plants, either total extracts or intercellular fluids (ICFs). Overall, there was a greater tolerance to tomato protein extracts than to tobacco extracts. These findings suggest that tobacco should not be used as a model for testing the possible protective effects of transgenically expressed, cecropinbased genes. The feasibility of tailoring cecropin A genes to enhance crop protection in particular plant/fungus combinations is discussed.
Antibacterial peptides have been found in a broad variety of species, from insects to humans (Boman and Hultmark 1987; Lehrer et al. 1993 ). Most of these small (<50 amino acids) lytic peptides have been classified on the basis of structural and functional considerations (Boman 1995; Hancock et al. 1995) . Two main structural patterns have been defined. One is found in the defensin series, characterized by β-sheet structures with two or three intramolecular disulfide bonds (Lehrer et al. 1993) . The other is the α-helical motif typical of the magainin and cecropin families (Boman 1995) .
Cecropins are a key component of the immune response in insects. Three cecropins, A, B, and D, were originally isolated from immune hemolymph of the Cecropia moth (Steiner et al. 1981) . They have been shown to possess activity against gram-positive and gram-negative bacteria. The structural features of the cecropins include a strongly basic N terminus, an intermediate hinge region containing Gly, Pro, or both, and a hydrophobic C terminus. These features are necessary for their lethal activity, a process that may, or may not, involve the formation of pores across bacterial membranes (Christensen et al. 1988; Shai 1995) . Lesions in the bacterial membrane lead to leakage of cytoplasmic contents and ultimately to cell death (Christensen et al. 1988; Steiner et al. 1988; Lockey and Ourth 1996) . In contrast, animal and plant cells have been reported to be resistant to the action of cecropins (Steiner et al. 1988; Jaynes et al. 1989; Nordeen et al. 1992; Mills and Hammerschlag 1993) . The basis for these different affinities of cecropins is thought to be differences in membrane composition and structure.
Most work on antimicrobial properties of cecropin B peptides has concentrated on antibacterial activities, including activities against plant-pathogenic bacteria. Substitution analogs of cecropin B, some of them highly sequence-divergent but with similar structural features, have been found to be more active against plant-pathogenic bacteria than their natural counterparts (Nordeen et al. 1992; Jaynes et al. 1993; Owens and Heutte 1997) . Consequently, these peptides have been studied with a view to engineering bacterial disease resistance in plants. The antifungal activity of cecropin B peptides against plant pathogens has been reported by Powell et al. (1995) , who demonstrated their inhibitory effect on the germination of conidia from three plant-pathogenic fungi.
However, the expression of cecropin B and cecropin B analogs in plants revealed differences in the phenotypes of the transgenic plants. Whereas transgenic tobacco plants producing the Shiva-1 peptide, a cecropin B analog, exhibited resistance to Pseudomonas solanacearum, no enhanced resistance was observed in plants producing the SB37 peptide, another cecropin B analog ). Contrary to this, when the same SB37 construct was used to obtain transgenic potato plants, these transgenic plants showed resistance to bacterial diseases (Jia et al. 1993) . Moreover, tobacco plants engineered to secrete cecropin B into the intercellular compartment of leaves showed no enhanced resistance to bacterial infections (Florack et al. 1995) . This failure to obtain enhanced resistance was the consequence of the degradative activity of proteases present in the intercellular fluid (ICF) (Florack et al. 1995 (Florack et al. , 1996 . More recently, a detailed study on the stability of the cecropin B peptide in the presence of ICFs extracted from different plants revealed that proteolysis proceeds via an initial endopeptidase cleavage (Owens and Heutte 1997) . Interestingly, the degradative activity of ICFs from different crops was quite varied. Altogether, these results suggest that ce-cropin sequences containing appropriate structural determinants might be applicable for plant transformation, provided that the plant does not degrade the peptide. In plants where the cecropin peptide is unstable due to the presence of cecropindegrading protease activities, cecropins might still be applicable by using substitution analogs in which protease-sensitive sites have been removed. The precise structural changes needed to enhance stability may be somewhat specific for each crop.
Our research was initiated to evaluate the potential of cecropin-derived peptides as antifungal agents and, in particular, their antifungal activities against plant pathogens. As a first step toward this end, the inhibitory properties of shortened cecropin A-derived and cecropin A-melittin hybrid peptides (Wade et al. 1990 Andreu et al. 1992 ) on the growth of several plant fungal pathogens were assayed. Two shortened cecropin A peptides (11 and 12 residues), which correspond to the N-terminal region of the natural cecropin A peptide, were used in this study. Using a microtiter plate assay, we show that these cecropin A-derived peptides exhibit activity against plant-pathogenic fungi at low micromolar concentrations. Differences in susceptibility of the different fungi to cecropin peptides were observed. This study also examines the effect of protein extracts, either total protein extracts or ICFs, extracted from leaves of tobacco and tomato plants, on the antifungal properties of the 11-residue cecropin A peptide. This information will be useful to design strategies for engineering fungal disease resistance into crop plants.
RESULTS
The aim of our research was to test the potential antifungal activity of shortened cecropin A-derived peptides against plant pathogens. Moreover, the feasibility of using their corresponding genes to engineer disease resistance in plants has been examined. Two short peptides containing the N-terminal residues of cecropin A, one 12-mer and one 11-mer (named Pep 2 and Pep 3, respectively), as well as two cecropin Amelittin hybrid peptides corresponding to cecropin A (1-8)-melittin (3-9) and cecropin A (1-8)-melittin (1-18) (named Pep 1 and Pep 4, respectively) were synthesized (Fig. 1A) . Pep 1 derives from the appropriate sequence juxtaposition of N-terminal sections of cecropin A and melittin to match the Cterminal residues of the shortened cecropin A peptides. Pep 2 and Pep 3 contained an amino acid substitution in the parent cecropin A sequence (at position 9 of cecropin A). A leucine residue was also added to the C terminus of Pep 2 and Pep 3. These changes were introduced guided by secondary structure considerations (Ubach 1996) . All four peptides, Pep 1 to Pep 4, have previously been shown to have a strong tendency to adopt an α-helix in the presence of structure-inducing media such as 15 to 20% hexafluoroisopropanol in water Ubach 1996) . When plotted as ideal α-helices, by means of Edmunson wheels (Fig. 1B) , the amphipathic character of these cecropin-derived peptides becomes evident.
Recently, the degradative activity of proteases present in potato ICF has been described (Owens and Heutte 1997) . Interestingly, this study revealed that proteolysis of cecropin B appears to proceed via an initial endopeptidase cleavage and that this degradation by potato ICFs was significantly reduced by the substitution of the methionine at position 11 of cecropin B for a valine residue (a valine residue is found at position 11 in the cecropin B analog MB39) (Fig. 1A) . Our cecropin-derived peptides, Pep 1 to Pep 3, like the parent cecropin A and also like the MB39 analog, contain a valine residue at position 11.
In order to determine to what extent cecropin A-based peptides were capable of inhibiting fungal growth, dose-response curves were obtained. Peptide concentrations required for 50% inhibition of fungal growth (IC 50 ) were derived from these curves. Under the given assay conditions, the IC 50 values, observed after 24 h of incubation for the different cecropin peptides, were in the low micromolar range, the shortened peptides being more effective than the large cecropin A-melittin hybrid (Fig. 2) . Phytophthora infestans was particularly sensitive to the shortened cecropin peptides. After 24 h of incubation, as little as 2 µM peptide was sufficient for 50% growth inhibition (Pep 1 to 3). Peptide concentrations in the range of 3 to 5 µM are needed for inhibition of Fusarium oxysporum (Pep 1, IC 50 = 5 µM; Pep 2, IC 50 = 4 µM; Pep 3, IC 50 = 3 µM), whereas concentrations of 10 µM (Pep 2 and Pep 1) and 6 µM (Pep 3) were required for 50% inhibition of Fusarium moniliforme. None of these fungi were affected by the presence of a peptide of similar molecular weight but without the structural determinants of cecropin peptides (control peptide, ISIPSQKSVLYFLIE), up to 90 µM (results not shown).
However, in the course of this work, we observed that, at peptide concentrations below those needed for total inhibition of fungal growth, the antifungal potency tended to decrease with time. For example, the IC 50 values for inhibition of P. infestans with Pep 1 rose from 2 µM after 24 h, to 8 µM after 48 h of incubation. Similarly, IC 50 values for inhibition of F. oxysporum by Pep 1 increased from 5 to 11 µM, and from 10 to 20 µM in the case of F. moniliforme. Interestingly, the timedependent drop in antifungal activity was less pronounced, if anything, for the longer Pep 4 than for the shortened analogs. For example, the activity of Pep 4 against P. infestans and F. moniliforme was higher after 48 h than after 24 h.
In a second test, the minimal inhibitory concentrations (MICs) of cecropin peptides were determined. These MICs were defined as the lowest peptide concentrations that prevented any detectable fungal growth. At these peptide concentrations the antifungal potency of each peptide did not decrease with time. This antifungal assay was extended to other fungi. As can be seen in Table 1 , the MICs tended to be similar for the different fungal pathogens.
To investigate whether the observed loss of antifungal potency with time at peptide concentrations below the MICs was due to proteolytic degradation of cecropin peptides, parallel antifungal assays, in the presence or absence of protease inhibitors, were performed. In the cases of M. grisea and B. cinerea, however, the presence of proteinase inhibitors was found to inhibit fungal growth. Except for the case of a Trichoderma sp. fungus, the antifungal potency of cecropin peptides was not affected by the addition of proteinase inhibitors (Table 1) . For the Trichoderma sp., the presence of inhibitors was required to observe antifungal activities. From these experiments it was concluded that loss of antifungal potency with time was most probably not due to proteolytic degradation.
Fungal growth inhibition mediated by cecropin A peptides was also analyzed microscopically (Fig. 3) . Observation of fungal cultures grown in the presence of peptide concentrations below the MICs revealed condensed mycelial aggregates compared with the control cultures, which had a much more extended mycelium (Fig. 3A and B) . The morphology of hyphae was significantly changed (Fig. 3D to G) . Trypan blue staining of P. infestans cultures revealed short, thick cells forming the hyphae, compared with the long, thin hyphae observed in control cultures ( Fig. 3D and E) . At peptide concentrations producing total growth inhibition (MIC and above) inhibition of fungal growth was due to the inhibition of germination. Short hyphae, 2 to 4 cells in length, were frequently observed (Fig. 3B inset and C) . If longer, the hyphae showed a marked alteration in their morphology, with constricted regions either in the apical or in the central regions ( Fig. 3H to K) .
From these results it is concluded that low micromolar concentrations of cecropin peptides inhibit fungal growth. Morphological effects associated with this inhibition of fungal growth were observed. Abnormal hyphal branching, or highly septated hyphae, were typically caused by cecropin-derived peptides. Inhibition of spore germination occurred at high concentrations of cecropin peptides.
For the successful expression of cecropin B genes in transgenic plants, the peptide must be stable in the subcellular compartment where it is targeted. The limited degree of success achieved in obtaining resistance to bacterial pathogens in transgenic tobacco plants has been associated with the degradation of the cecropin peptide by endogenous proteases residing in leaf ICF (Florack et al. 1995 (Florack et al. , 1996 . Consequently, we have examined the degree of tolerance of the shortest cecropin A peptide (Pep 3) to total protein extracts and to ICF obtained from tobacco leaves. For this, the in vitro assay pro- . Amino acids identical to those of the natural cecropin A and cecropin B peptides (Steiner et al. 1981) cedure used for determination of antifungal activities was performed in the presence of increasing amounts of plant protein extracts (Fig. 4) . Incubation with 56 µg of total protein extract from tobacco completely destroyed the antifungal activity of Pep 3 against F. oxysporum. Pep 3 antifungal potency was less affected by the presence of tobacco ICF, but increasing amounts of the ICF extract caused a linear increase in the loss of antifungal potency of Pep 3.
Furthermore, the biotoxicity of Pep 3 in the presence of tobacco and tomato protein extracts was compared (Fig. 4) . Protein extracts from tomato, either total extracts or ICF, were less damaging to Pep 3 bioactivity than those from tobacco. Also, an increase in the tomato ICF protein level from 24 to 56 µg caused no further reduction in Pep 3 biotoxicity.
From a practical standpoint, the level of antimicrobial activity of a peptide in transgenic plants would depend on rates of synthesis secretion to the targeted subcellular compartment (i.e., intercellular spaces, vacuoles) and degradation by plant proteolytic activities. As shown in Figure 4 , the inhibitory activity of Pep 3 remained high after 48 h of incubation with ICFs, particularly with tomato ICF. Degradation of the endogenous control (the glutathione-S-transferase protein) confirmed the degradative, proteolytic activity of all the plant extracts assayed in this work (results not shown). Fungal growth is expressed as percentage of the growth of control cultures (100% growth represents fungal growth in potato dextrose broth medium, without peptides). D, Peptide concentrations required for 50% growth inhibition (IC 50 ), after 24 h of incubation, were determined from the dose-response curves. 1, Pep1; 2, Pep2; 3, Pep3; and 4, Pep4. Three or more repeats of each bioassay were performed for each of three different preparations of spore suspensions. a Peptide concentrations required for total growth inhibition after 48 h of incubation were determined from dose-response curves. Each bioassay was replicated 3 or more times with three different preparations of spore suspensions.. b Fungi were grown in potato dextrose broth (PDB) medium (medium A) or in PDB medium supplemented with proteinase inhibitors (medium B). For the Trichoderma sp., the presence of inhibitors was required to observe antifungal activity. In the cases of M. grisea and B. cinerea, MICs were determined with no proteinase inhibitors in the medium (growth inhibition by proteinase inhibitors was observed for these two fungi). c Not determined. 
DISCUSSION
Small peptides related to the host defense system of a variety of organisms have become increasingly interesting in recent years for the prospect of genetically engineering disease resistance in plants (Rao 1995) . So far, the activity of antimicrobial peptides has largely been tested against bacterial pathogens of pharmaceutical significance, where efforts have also been devoted to defining peptide sequences with improved antibacterial features. Our results show that shortened cecropin A-derived and cecropin A-melittin hybrid peptides are active against plant-pathogenic fungi at low micromolar concentrations. Thus, they are potentially useful models for designing genes to be used in plant transformation to obtain resistance to fungal pathogens. The range of applications might even include fungi of low susceptibility, as found for Shiva-1, which had only modest in vitro activity against Pseudomonas solanacearum (IC 50 value 40 µM) but was shown to confer enhanced resistance against the same bacteria once introduced into tobacco plants.
The mechanism of action of host defense peptides such as cecropins and magainins on bacterial cells is thought to involve, primarily, the interaction of the amphipathic cationic peptide with the phospholipids on the target cell membrane, followed by either channel formation or simple membrane disruption (Shai 1995) . These interactions are not mediated by conventional protein receptors, as the D-enantiomers of the peptides are indistinguishable from the natural forms in activity (Wade et al. 1990 ). The ability to adopt an amphipathic α-helical structure in a membrane environment is thus the major requirement for activity in this type of peptides.
Previous studies have established that appropriate sequence juxtaposition of N-terminal sections of cecropin A and melittin can result in hybrids with better antibacterial spectra than the parent cecropin A, and no cytotoxicity (melittin itself is hemolytic) (Wade et al. 1990 Andreu et al. 1992) . These peptides retain their activity even when considerably shortened and tend toward amphipathic α-helical conformations under appropriate conditions . The four peptides in the present study are based on this design and confirm that peptides having these structural determinants exhibit antifungal activity against plant pathogens. In particular, the 11-residue sequence WKLFKKILKVL (Pep 3) corresponding to the N-terminal region of cecropin A appears to be sufficient for antifungal activity. When represented as a helix by means of an Edmunson wheel plot, an almost perfect amphipathic distribution of charged and hydrophobic residues, respectively, occurs on each side of the helix cylinder (Fig.  1B) . The other three peptides can likewise be viewed as amphipathic α-helical structures, even if their distribution is not as perfect as that of Pep 3.
Comparison of the low concentration region of the inhibition curves of Pep 1 to 3 and Pep 4 (Fig. 2) shows steeper profiles for the shorter peptides, suggestive of higher antifungal potency. On the other hand, when judged on the basis of the peptide concentration required for total inhibition of fungal Fig. 4 . Effect of tobacco and tomato protein extracts on the antifungal activity of Pep 3 with Fusarium oxysporum as the test fungus. Pep 3 was preincubated with increasing amounts of either total protein extracts (TE), or intercellular fluids (ICF) for 30 min at room temperature, and then assayed for antifungal activity. The final Pep 3 concentration in each assay was 40 µM. Absorbances of fungal cultures were determined after 48 h of incubation. Growth of F. oxysporum in potato dextrose broth (PDB) medium was taken as 100%. Data are the means of three independent experiments with three separate preparations of each plant protein extract. Ratios of standard error to means were 10% or less. growth, the four peptides appear to be equally active, regardless of length. These differences in inhibitory behavior might be due to slight differences in conformation between the short Pep 1 to 3 peptides and the longer Pep 4. Alternatively, the differences might be kinetic, with the shorter peptides getting to the target faster. Further investigation is needed to elucidate these aspects.
Recent studies indicate that cecropin B peptides are degraded by proteinases present in the leaf ICFs. This process, which proceeds via limited proteolysis, varies from one plant species to another (Owens and Heutte 1997) . Most importantly, these studies revealed that a single amino acid substitution in the cecropin B peptide resulted in enhanced stability in leaf ICFs. Thus, the MB39 peptide, a cecropin B analog with valine substituted for methionine at position 11 of cecropin B, displayed a lower degradation rate by ICFs than that of cecropin B (see Figure 1) . In contrast, degradation of MB39 appeared to proceed via cleavage at the Glu 12 residue (equivalent to Glu 9 of cecropin B), although at a lower rate than cecropin B degradation. The short cecropin A-derived peptide sequences tested in this work all contain a valine residue at position 11 (as in the natural cecropin A peptide), and the Glu 9 residue, which is present in both the cecropin A and B peptides, has been modified in our synthetic peptides (see Figure 1 for details). These features might render the cecropin A-derived peptides resistant to the degradative activity of proteases in leaf ICFs, and might explain the maintenance of Pep 3 antifungal activity on incubation with leaf ICFs, particularly tomato ICFs. Tomato transgenic for cecropin A peptides might then produce peptide levels sufficient to reduce disease severity after infection with F. oxysporum. Although our results suggest that cecropin A-derived peptides might have better stability in tobacco leaf ICF than cecropin B, in our opinion, tobacco should not be used as a model for testing the possible protection effects of transgenically expressed cecropin genes. Instead, when planning the use of cecropin genes for transformation of a particular plant, extracts from the target plant should first be tested.
Plants are also known to produce peptides with a role in host defense against microbes and/or predators. Thus, the presence of peptides resembling insect defensins has been described in a large number of plant species Broekaert et al. 1995; Terras et al. 1992 Terras et al. , 1995 . Other low molecular weight peptide components with antimicrobial activity found in plants are the thionins (for reviews, see references in Garcia-Olmedo et al. 1992; Bohlmann 1994) . The gamma-thionins from cereals also display structural analogy with insect defensins (Bruix et al. 1993) . All these findings suggest that plants and insects might have developed similar weapons to combat infection. For small proteins or peptides of plant origin, such as the thionins or plant defensins, IC 50 and MICs in the low µM concentration range have been reported Cammue et al. 1992; Molina et al. 1993) .
Moreover, the expression of proteins with antifungal activities, such as chitinases and β-1,3-glucanases, in plants in response to pathogen attack is well documented (Bowles 1990; Linthorst 1991; Sela-Buurlage et al. 1993) . These proteins, which are located either in vacuoles or in the apoplast, confer enhanced resistance to fungal diseases when expressed in transgenic plants (Broglie et al. 1991; Zhu et al. 1994) . Hence, only when the invading fungus breaks through the cell wall and plasmalemma, or when plant cells are ruptured due to the hypersensitive response, is there a discharge of high concentrations of the defense proteins accumulated in vacuoles that effectively attack the hyphae of the penetrating fungus. Cecropin peptides act by a more general mechanism to prevent fungal growth, compared with the more specific mechanisms of chitinases and β-1,3-glucanases, which rely on the presence of the natural substrates for these hydrolases on the cell wall of the pathogen. Thus, by the engineering of a vacuolar expression of cecropin peptides, different types of antifungal activities could complement each other in protecting the plant against fungal pathogens.
Finally, differences in susceptibility to cecropin peptides among the various fungal pathogens assayed in this study might help in designing protective strategies involving expression of cecropin sequences in crop plants. The challenge is to determine which are the more appropriate cecropin sequence(s) for each particular plant/fungus combination and the more appropriate subcellular compartment for the accumulation of transgene cecropin peptides, i.e., vacuoles or intercellular space. Consequently, engineering the cecropin sequence to resist degradation by plant proteases, and tailoring the cecropin gene for targeting to the appropriate cellular compartment could, conceivably, enhance resistance to fungal pathogens in transgenic plants.
MATERIALS AND METHODS

Peptides.
Peptides were synthesized by solid phase methods as Cterminal carboxamides, as described ). They were characterized for purity by analytical high-pressure liquid chromatography and their identity was confirmed by amino acid analysis and MALDI-TOF (matrix assisted laser desorption/ionization time-of-flight) mass spectroscopy. Stock solutions of each peptide sequence (Fig. 1) were prepared in water, and the peptide content determined by amino acid analysis. As a control, a nonlytic peptide (ISIPSQKSVLY FLIE) of similar molecular weight was also assayed. This control peptide did not inhibit growth of the fungi assayed in this work, up to 90 µM (data not shown).
Fungal strains.
The following fungal strains were used: Phytophthora infestans (ETSIA Madrid, Spain); Fusarium moniliforme (CSIC, Barcelona, Spain); Fusarium oxysporum f. sp. dianthii (IRTA, Cabrils, Spain); Fusarium solani f. sp. pisi (MUCL, Belgium); Fusarium solani f. sp. phaseoli (MUCL, Belgium); Botrytis cinerea (ETSIA, Madrid, Spain); Magnaporthe grisea (CIRAD, Montpellier, France); a Trichoderma sp. (CSIC, Barcelona, Spain); Thielaviopsis basicola (Torino, Italy); and a Penicillium sp. (CSIC, Barcelona, Spain). Fungi were growth on PDA (potato dextrose medium containing 24 g of agar per l) plates for approximately 1 week, except the fungus P. infestans, which was grown on V8 agar medium. Spores were collected by adding sterile water to the surface of the mycelium and gently scrubbing with sterile spatula. Spores were filtered before counting in a Bürker counting chamber, and adjusted to the appropriate concentration. Suspensions at concentrations of 1 × 10 5 spores/ml (F. moniliforme, F. oxysporum, F. solani f. sp. pisi, F. solani f. sp. phaseoli, Magna-porthe grisea) or 1 × 10 6 spores/ml (the Penicillium sp., the Trichoderma sp., Thielaviopsis basicola, Botrytis cinerea, Phytophthora infestans) were used.
Antifungal activity assay.
The in vitro activity of cecropin A-derived peptides was determined by measuring the absorbance at 595 nm of fungal cultures in 96-well microtiter plates. In microplate wells, 100 µl of PDB (potato dextrose broth; DIFCO, Detroit, MI) medium containing 0.03 µg of chloramphenicol per µl was combined with 50 µl of each spore suspension (at the concentration indicated for each fungus). Spores were allowed to pregerminate for 5 to 6 h at room temperature and the absorbance was determined. Peptide solutions were then added to the desired final concentrations. The microtiter plates were incubated at room temperature for the required period of time, and the absorbance was read (OD 595 nm). Fungal growth was routinely checked microscopically to confirm the spectrophotometric data. In some cases, fungal mycelium was stained with lactophenol cotton blue before microscopical observations. Fungal growth was inhibited by the presence of nystatin (0.1 µg/µl), or hygromycin (20 µg/µl), in the medium (data not shown).
To evaluate the possibility of peptide degradation by fungal proteases, parallel antifungal activity assays were performed in the presence of the following mixture of proteinase inhibitors, at the indicated final concentrations: 1 mM EDTA, 1 mM PMSF, 5 µM pepstatin, 5 µM Leupeptin, 5 µM aprotinin, and 130 µM bestatin. Except for M. grisea and B. cinerea, fungal growth was not affected by the presence of inhibitors.
Preparation of plant protein extracts.
Leaf apoplastic fluid (ICF) was extracted from detached tobacco (Nicotiana tabacum var. Petit Habana SR1) and tomato (Lycopersicon esculentum var. Ailsa Craig) leaves essentially according to the procedure of Rodrigo et al. (1989) . Briefly, leaves were vacuum infiltrated with sterile, deionized water at 0.75 mmHg for 30 and 5 s for tobacco and tomato, respectively. Infiltrated leaves were then centrifuged (2,000 × g for 5 min) in a PD-10 minicolumn (Pharmacia Biotech, Uppsala, Sweden) and the ICF collected.
For the preparation of total protein extracts, leaves were ground to a powder in liquid nitrogen and chilled extraction buffer (50 mM TrisHCl, pH 7.5, 50 mM NaCl) was added to the powder. Extractions were carried out at 4°C for 30 min with continuous slow stirring, followed by centrifugation at 10,000 rpm (Eppendorf 5415C, Hamburg, Germany) for 15 min at 4°C.
The protein content of total extracts and ICFs was assayed according to Bradford with the BioRad dye reagent and bovine serum albumin (BSA) as a standard. Plant extracts were adjusted to a final concentration of 0.8 mg of protein per ml.
Controls were performed to assay whether proteolytic activity was present in plant extracts. For this, an internal control (100 ng of glutathione-S-transferase, GST) was added to the plant extract, and the mixture incubated at room temperature for 30 min. Following sodium dodecyl sulfatepolyacrylamide gel electrophoresis and protein gel blotting, degradation of the internal control was confirmed with an antiserum against the GST protein (Pharmacia) (results not shown).
Effect of plant protein extracts on antifungal activity assays.
The effect of plant protein extracts, either total extracts or ICFs, on the antifungal activity of Pep 3 was assayed by the microtiter plate assay described above. Pep 3 was mixed with various amounts of each plant protein extract (8, 24, and 56 µg) and incubated at room temperature for 30 min. After addition of the spore suspension, the plates were incubated at room temperature for 48 h, and the absorbance at 595 nm was read. The final concentrations for Pep 3 in each antifungal assay was 40 µM.
